Supinski GS, Wang L, Song X-H, Moylan JS, Callahan LA. Musclespecific calpastatin overexpression prevents diaphragm weakness in cecal ligation puncture-induced sepsis. J Appl Physiol 117: 921-929, 2014. First published August 28, 2014 doi:10.1152/japplphysiol.00975.2013.-Recent work indicates that infections are a major contributor to diaphragm weakness in patients who are critically ill and mechanically ventilated, and that diaphragm weakness is a risk factor for death and prolonged mechanical ventilation. Infections activate muscle calpain, but many believe this is an epiphenomenon and that other proteolytic processes are responsible for infection-induced muscle weakness. We tested the hypothesis that muscle-specific overexpression of calpastatin (CalpOX; an endogenous calpain inhibitor) would attenuate diaphragm dysfunction in cecal ligation puncture (CLP)-induced sepsis. We studied 1) wild-type (WT) sham-operated mice, 2) WT CLP-operated mice, 3) CalpOX sham-operated mice, and 4) CalpOX CLP-operated mice (n ϭ 9 -10/ group). Twenty-four hours after surgery, we assessed the diaphragm force-frequency relationship, diaphragm mass, and total protein content and diaphragm levels of talin and myosin heavy chain (MHC). CLP markedly reduced diaphragm-specific force generation (force/ cross-sectional area), which was prevented by calpastatin overexpression (force averaged 21.4 Ϯ 0.5, 6.9 Ϯ 0.8, 22.4 Ϯ 1.0, and 18.3 Ϯ 1.3 N/cm 2 , respectively, for WT sham, WT CLP, CalpOX sham, and CalpOX CLP groups, P Ͻ 0.001). Diaphragm mass and total protein content were similar in all groups. CLP induced talin cleavage and reduced MHC levels; CalpOX prevented these alterations. CLPinduced sepsis rapidly reduces diaphragm-specific force generation and is associated with cleavage and/or depletion of key muscle proteins (talin, MHC), effects prevented by muscle-specific calpastatin overexpression. These data indicate that calpain activation is a major cause of diaphragm weakness in response to CLP-induced sepsis. diaphragm; sepsis; calpain; proteolysis; cecal ligation puncture RECENT WORK INDICATES THAT infections are a major contributor to diaphragm weakness in patients in medical intensive care units (MICUs) who are critically ill and mechanically ventilated (6, 32). Diaphragm weakness, in turn, is a risk factor for death and prolonged mechanical ventilation in this population (6, 32). The mechanisms by which infections induce muscle dysfunction remain controversial, with multiple theories and pathways postulated to account for the effects of infection on muscle (2). One proteolytic pathway that is believed to contribute to infection-induced muscle dysfunction is calpain, and several studies provide evidence that calpain is activated in skeletal muscle during infection (1, 7, 31). However, many experts still question the importance of calpain activation as a contributor to infection-induced muscle dysfunction and suggest that activation of this enzyme is an epiphenomenon, unrelated to loss of muscle force or mass (39).
diaphragm; sepsis; calpain; proteolysis; cecal ligation puncture RECENT WORK INDICATES THAT infections are a major contributor to diaphragm weakness in patients in medical intensive care units (MICUs) who are critically ill and mechanically ventilated (6, 32) . Diaphragm weakness, in turn, is a risk factor for death and prolonged mechanical ventilation in this population (6, 32) . The mechanisms by which infections induce muscle dysfunction remain controversial, with multiple theories and pathways postulated to account for the effects of infection on muscle (2) . One proteolytic pathway that is believed to contribute to infection-induced muscle dysfunction is calpain, and several studies provide evidence that calpain is activated in skeletal muscle during infection (1, 7, 31) . However, many experts still question the importance of calpain activation as a contributor to infection-induced muscle dysfunction and suggest that activation of this enzyme is an epiphenomenon, unrelated to loss of muscle force or mass (39) .
The main goal of the present study, therefore, was to determine the importance of calpain in infection-induced diaphragm dysfunction by testing the hypothesis that mice with muscle-specific overexpression of calpastatin would be resistant to the effects of sepsis (30) and would maintain diaphragm muscle function. By using an animal model employing musclespecific inhibition with a genetically specific calpain inhibitor, we sought to avoid the deficiencies of previous studies that examined only the effects of chemical inhibitors of calpain on muscle function in animal models of infection.
Total diaphragm force generation is a function of both muscle size (which determines muscle cross-sectional area) and force generation/cross-sectional area. Because pathophysiological states can independently influence both of these parameters and alteration in one of these parameters is not always mirrored by changes in the other (24, 35) , we measured both diaphragm mass and muscle-specific force generation. We also assessed the effects of sepsis on the diaphragm content of talin and myosin heavy chain (MHC) because both proteins have previously been shown to be susceptible to calpainmediated degradation (5) . Finally, because several other proteolytic enzymes are believed to be important determinants of the development of infection-induced skeletal muscle dysfunction (12, 23) , we determined the effects of sepsis and musclespecific calpastatin overexpression on diaphragm levels of caspase activation, 20S proteasomal subunit activity, and mRNA levels of atrogin and MuRF1.
METHODS
Experimental protocol. Studies were approved by the University of Kentucky Institutional Animal Care and Use Committee. We studied four groups of animals: 1) sham-operated wild-type (WT) littermates (controls), 2) cecal ligation puncture (CLP)-operated WT mice, 3) sham-operated muscle-specific calpastatin overexpressing (CalpOX) mice, and 4) CLP-operated CalpOX mice (n ϭ 9 -10/group). At 24 h after surgery, animals were killed, diaphragms were excised, the muscle-specific force-frequency curve was assessed using strips excised from the diaphragm, total diaphragm mass was measured, and the remaining costal diaphragm was frozen and stored at Ϫ80°C for subsequent determination of muscle levels of atrogin mRNA, MuRF1 mRNA, caspase activity, calpain activity, 20S proteasome activity, calpastatin protein levels, ubiquitinated protein content, talin levels, protein nitrotyrosine, protein carbonyls, protein 4-hydroxynonenal, and MHC levels.
Calpastatin-overexpressing mice. Mice with muscle-specific overexpression of calpastatin, the endogenous calpain inhibitor, were kindly provided by Dr. Melissa Spencer (30) . Animals were bred to generate CalpOX animals and WT littermates. To determine which offspring carried the CalpOX genotype, tail clips obtained from animals between 15 to 21 days of birth were genotyped by PCR using upstream primers in the human skeletal muscle actin promoter (5=-CCC GAG CCG AGA GTA GCA GT-3=) and downstream primers in the vp1 intron (5=-CCC TTC CCT GTT GGC TAC T-3=). Animals containing the CalpOX genotype were used for experimental groups C and D, whereas their WT littermates were used for experimental groups A and B. To further verify that animals were correctly identified, we measured diaphragm calpastatin protein levels at the time of death in all animals; in all cases, muscle protein levels of calpastatin protein were high for animals carrying the calpastatin overexpressing gene cassette and were low in WT animals.
CLP-induced sepsis. We performed either sham abdominal surgery or CLP as we previously published in rats (36) , but with modifications for mice (25) . Briefly, animals were anesthetized with halothane (2-4%) delivered via a nose cone attached to a Harvard small-animal ventilator interfaced with an anesthetic gas vaporizer. Once a steady plane of anesthesia was achieved as assessed by no response to tail and toe pinch, the abdomen was prepped with betadine and alcohol, and an incision was made in the midline (ϳ1.5 cm in length). The cecum was identified and a portion ligated (ϳ0.5 cm). A 21-gauge sterile needle was used to puncture the ligated cecum through and through. The abdominal musculature was approximated and sutured, followed by closure of the skin with surgical staples. For sham surgery, the abdomen was opened and closed without cecal ligation or puncture. All animals were resuscitated with 60 ml/kg of saline administered subcutaneously following the surgical procedure, and all received buprenorphine (0.05 mg/kg sc) immediately and every 12 h following surgery for analgesia. Animals were monitored by laboratory personnel for 2 h, and then returned to the animal facility until the time of death. Animals were allowed to eat and drink ad libitum postoperatively.
Diaphragm force-frequency curves and muscle mass. Diaphragm force generation was assessed as we have previously reported (34) . In brief, diaphragms were excised and strips were dissected from the left midcostal portion. Strips were mounted vertically in water-jacketed glass organ baths filled with Krebs-Henselheit solution (25°C; curare 50 mg/liter pH 7.40, NaCl 135 mM, KCl 5 mM, dextrose 11.1 mM, CaCl 2 2.5 mM, MgSO4 1 mM, NaHCO3 14.9 mM, NaHPO4 1 mM, and insulin 50 units/liter; 95% O 2/5% CO2). One end of the strip was tied to the base of the organ bath and the other to a force transducer (Scientific Instruments, Heidelberg, Germany). Supramaximal currents from a biphasic constant current amplifier driven by a Grass S48 stimulator (Grass, West Warwick, RI) were delivered using platinum mesh field electrodes. After a 15-min equilibration period, muscle length was adjusted to L o, and strips were then sequentially stimulated with trains of 1, 10, 20, 50, 100, and 150 Hz. Stimuli (train duration 800 ms, 30 s between adjacent trains) and force were recorded with a Kipp-Zonen chart recorder (Bohemia, NY). Muscle cross-sectional area was calculated as muscle strip weight divided by muscle density (1.06) and muscle length (3). Muscle-specific force was calculated as raw force divided by cross-sectional area. The total weight of the costal diaphragm was recorded by adding the weight of the strips used for the force frequency curve to the weight of the remaining muscle. Diaphragm tissue not used for force frequency determinations was frozen, stored at Ϫ80°C, and subsequently used to determine total Fig. 1 . Mean diaphragm force-frequency curves for sham-operated wild-type (WT) animals (controls, black), cecal ligation puncture (CLP)-operated WT animals (CLP, red), sham-operated calpastatin-overexpressing animals (CalpOX, green), and calpastatin-overexpressing CLP-operated animals (CalpOX ϩ CLP, blue). CLP resulted in a large reduction in the force generated in response to all stimulation frequencies for WT animals (P Ͻ 0.05 for comparison of all forces for WT sham-operated with WT CLP-operated animals). In contrast, calpastatinoverexpressing animals were resistant to the effects of CLP, with the forces generated by the calpastatin-overexpressing CLP animals significantly higher than forces generated by the WT CLP animals (P Ͻ 0.05 for all stimulation frequencies). *Statistical significance. Fig. 2 . Diaphragm protein/diaphragm mass ratios (A, upper left), diaphragm mass/animal mass ratios (B, upper right), and diaphragm protein/animal mass ratios (C, bottom) for sham-operated WT animals (controls, black), CLP WT animals (CLP, red), CalpOX animals (green), and CalpOX ϩ CLP animals (blue). There were no significant differences between the four experimental groups for any of these ratios. diaphragm protein using the Bradford assay (BioRad, Hercules, CA), as well as levels of selected proteins by Western blotting.
Western blotting. We used Western blot techniques to determine diaphragm levels of specific proteins. Muscle samples were homogenized as previously described (33, 34) and diluted with an equal volume of loading buffer (126 mM Tris·HCl, 20% glycerol, 4% SDS, 1.0% 2-mercaptoethanol, 0.005% bromophenol blue, pH 6.8). To inactivate deubiquitinating enzymes, a second set of diaphragm muscle homogenates were prepared with the addition of 2% SDS to the homogenization buffer for assessment of protein ubiquitination. Equal amounts of protein were loaded onto Tris glycine polyacrylamide gels, separated by electrophoresis (Minicell II; Novex, Carlsbad, CA), and transferred to polyvinylidene fluoride membranes. Membranes were incubated overnight at 4°C with primary antibodies to targeted proteins, followed by incubation in horseradish peroxidase-conjugated secondary antibodies with subsequent detection using enhanced chemiluminescence (Western Lightning, Perkin Elmer, Boston, MA). Densitometry was performed using a Microtek scanner (Carson, CA) and UN-SCAN-IT software (Silk Scientific, Orem, UT). The following antibodies were used: anti-calpastatin (sc-20779; Santa Cruz Biotechnology, Santa Cruz, CA), anti-MHC (sc-20641; Santa Cruz Biotechnology), antitalin (T3287; Sigma Aldrich, St. Louis, MO), 4-hydroxynonenal (ab46545; Abcam, Cambridge, MA), ubiquitin (BML-PW0150; Enzo Life Sciences, Farmingdale, NY), and antinitrotyrosine (487923; EMD Millipore, Billerica, MA). Protein carbonyl modifications were assessed with the OxyBlot Protein Oxidation Detection Kit (EMD Millipore) according to the manufacturer's instructions. Membranes were stripped and reprobed with antibodies to GAPDH (Santa Cruz Biotechnology) to verify equal protein loading, because GAPDH is not altered in skeletal muscle in response to sepsis.
Calpain activity assay. A commercially available kit (Abcam, Cambridge, MA) was used to assay calpain activity. This kit utilizes a proprietary set of buffers for tissue preparation and assay. Use of this particular assay allows one to determine the level of calpain activity present in the tissue prior to homogenization. In brief, samples were prepared in extraction buffer according to the manufacturer's specifications. Sample protein levels were assessed and aliquots containing 100 g of protein were diluted to a final volume of 85 l with extraction buffer. In parallel, an additional aliquot of each sample Fig. 3 . Diaphragm calpastatin protein levels (A), talin protein levels (B), and diaphragm calpain activity (C) for the four experimental groups. Bars indicate controls (black), CLP animals (red), CalpOX animals (green), and CalpOX ϩ CLP animals (blue). Left: representative Western blots. Right: group mean densitometry levels for protein bands. GAPDH was used a loading control. Calpastatin levels for the CalpOX animals were 10-to 15-fold higher than levels in WT animals (A). CLP-induced sepsis did not significantly alter calpastatin levels in WT or calpastatin-overexpressing animals. B: CLP increased talin degradation in WT animals (P Ͻ 0.006). Calpastatin-overexpressing animals were resistant to diaphragm talin cleavage, with talin degradation protein levels for calpastatin-overexpressing CLP animals similar to levels for WT sham-operated animals. C: we found that CLP induced a large increase in diaphragm calpain activity in WT mice (P Ͻ 0.001). Calpastatin overexpression prevented CLP-induced calpain activation, with calpain activity levels for sham-operated and CLP calpastatin-overexpressing mice similar to sham-operated WT controls. *Statistical significance.
(100 g of protein) were mixed with 3 l of calpain inhibitor 3 and sample volume brought to 85 l with extraction buffer. Extraction buffer alone was used as a blank. All mixtures were placed in a 96-well plate, and then reaction buffer (10 l) and calpain substrate (5 l) were added to all wells. An initial reading was taken, plates were incubated in the dark at 37°C for 1 h, and a final fluorescent reading was made (excitation 400 nm, emission 505 nm). The difference in increases in fluorescent activity over time for a given sample in the presence and absence of the specific calpain inhibitor was taken as an index of calpain enzyme activity.
Caspase 3 activity assay. To assess caspase 3 activity, diaphragm muscle homogenates (100 g of protein) were added to assay buffer and a caspase 3-specific fluorogenic substrate (30 M N-acetyl-AspGlu-Val-Asp-7-amino-4-methylcoumarin; Ac-DEVD-AMC). Duplicate determinations were made with muscle homogenate, assay buffer, Ac-DEVD-AMC, and a specific caspase-3 inhibitor (DEVD-CHO, 20 nM). Immediately after substrate was added, a baseline fluorescent measurement of Ac-DEVD-AMC was performed using a SpectraMax M2 spectrofluorophotometer (Molecular Devices, Sunnyvale, CA) at an excitation frequency of 360 nm and an emission frequency of 460 nm. This measurement was then repeated after 0.5 h of incubation at 30°C. The increase in fluorescence from the initial reading to the final reading was calculated to obtain the raw increase in fluorescence; the increase in reading for the DEVD-CHO duplicate was subtracted from the raw reading to determine the caspase 3-specific increase in fluorescence for a given sample.
20S proteasome subunit activity assay. Proteasome activity of diaphragm homogenates was measured using the Calbiochem 20S Proteasome Subunit Activity kit assay (Calbiochem, San Diego, CA) according to the manufacturer's protocol. AMC standards were used to calibrate fluorescent measurements of proteasomal activity.
Atrogin and MuRF1 mRNA determinations. Reverse transcription was performed with Maloney Murine leukemia virus reverse transcriptase and random hexamers (Promega) plus 1 g total RNA isolated with TRIzol reagent (Invitrogen). Primer sequences were designed using Primer Express 1.5 (Applied Biosystems): atrogin forward 5=-ATGCACACTGGTGCAGAGAG-3=, reverse 5=-TGTAAGCACA-CAGGCAGGTC-3=; MuRF1 forward 5=-ACGAGAAAGAAGAGC-GAGCTG-3=, reverse CTTGGCACTTGAGAGGAAGG-3=; and rpl13A forward 5=-CCCTCCACCCTATGACAAGA-3=, reverse 5=-TTCTC-CTCCAGAGTGGCTGT-3=. Synthesized primers were purchased from Invitrogen. PCR was performed using an Applied Biosystems 7500 Real Time PCR system. Targets were amplified from 40 ng of cDNA using SYBR Green Master Mix reagent (stage 1, 1 cycle, 50°C, 2 min; stage 2, Fig. 4 . Diaphragm 20S proteasomal activity (A), protein ubiquitination (B), and diaphragm E3 ligase mRNA levels (i.e., atrogin and MuRF1 mRNA levels, C) for the four experimental groups. Bars indicate controls (black), CLP animals (red), CalpOX animals (green), and CalpOX ϩ CLP animals (blue). B: a representative Western blot for diaphragm protein ubiquitination (left) and group mean densitometry for this parameter (right). CLP induced large increases in the activity of the 20S proteasomal pathway, with this CLP-induced effect observed in both WT and calpastatin-overexpressing mice compared with sham-operated WT controls (A; P Ͻ 0.001 for comparison of CLP-treated groups with sham-operated WT controls). CLP did not increase total protein ubiquitination (B), with protein ubiquitin levels similar in all four experimental groups. There was a trend for MuRF1 mRNA levels to increase in response to CLP (C, right, P Ͻ 0.07 for comparison of the sham-operated WT with the CLP WT groups). In contrast, there was no difference in atrogin mRNA levels across the four groups of animals (C, left). *Statistical significance.
1 cycle, 95°C, 10 min; stage 3, 40 cycles, 95°C, 15 s, 60°C, 1 min). Reactions were performed in duplicate or triplicate for each cDNA sample. The abundance of target mRNA relative to rpl13A mRNA was determined using the comparative cycle threshold method (8, 15, 16, 18) .
Statistical analysis. ANOVA was used to compare variables (e.g., specific force) across groups of animals, with a Tukey's post hoc test to determine differences between individual pairs of groups. A value of P Ͻ 0.05 was taken as indicating statistical significance for all experiments.
RESULTS

Effect of CLP on diaphragm force generation and mass.
CLP induced a large reduction in the specific force-generating capacity of the diaphragm, as shown in Fig. 1 . Specifically, the entire force-frequency curve of the diaphragm was downshifted at 24 h after sepsis in WT animals, compared with sham-operated WT control animals, with significant reductions in specific force at all stimulation frequencies tested (i.e., 1-150 Hz). CalpOX largely prevented CLP-induced reductions in diaphragm force, with specific force at all stimulation frequencies significantly higher for the calpastatin-overexpressing animals that underwent CLP compared with the WT CLP group. Force-frequency curves for sham-operated CalpOX animals were similar to curves for sham-operated WT animals (controls). To determine whether loss of diaphragm-specific force was also accompanied by reductions in diaphragm mass or diaphragm unit protein content per unit mass, we calculated diaphragm mass/animal weight, diaphragm protein content/ diaphragm mass, and diaphragm protein content/animal mass ratios. As shown in Fig. 2 , these three ratios were similar in diaphragms from all four experimental groups, including sham-and CLP-operated groups for both WT and calpastatinoverexpressing animals. As a result, at the 24-h time point, CLP induced a loss in diaphragm-specific force generation but did not result in significant diaphragm atrophy or a reduction in total protein content per unit of diaphragm mass.
Effect of CLP on markers of calpain, and proteasomal and caspase pathway activation. To assess indices of the calpain pathway, we measured diaphragm levels of calpastatin (the endogenous calpain inhibitor), talin (a target of calpain mediated protein cleavage), and calpain activity in diaphragm samples from the four experimental groups. As shown in Fig. 3A , diaphragm calpastatin protein levels were similar for WT sham-and CLP-operated animals, indicating that CLP per se does not alter skeletal muscle levels of this protein. As ex- Fig. 5 . Caspase 3 activity levels for the four groups: controls (black), CLP animals (red), CalpOX animals (green), and CalpOX ϩ CLP animals (blue). CLP increased diaphragm caspase 3 activity in both WT and CalpOX mice compared with sham-operated animals (P Ͻ 0.001 for comparison of shamoperated WT with CLP-operated WT; P Ͻ 0.02 for comparison of sham operated CalpOX with CLP CalpOX groups; *statistically different). The magnitude of this increase, however, was significantly higher in the WT animals than in CalpOX animals (P Ͻ 0.009 for comparison of the WT CLP group with the CalpOX CLP group; **statistical significance). Fig. 6 . Diaphragm levels of proteins with nitrotyrosine modifications for the four experimental groups: controls (black), CLP animals (red), CalpOX animals (green), and CalpOX ϩ CLP animals (blue). A: a representative Western blot. B: group mean densitometry data. There were significant increases in the levels of bands 1 and 2 on the nitrotyrosine protein blot in response to CLP for both WT and calpastatin-overexpressing animals (P Ͻ 0.001 and P Ͻ 0.02 for respective increases in WT and calpastatin-overexpressing mice for band 1, P Ͻ 0.001 and P Ͻ 0.02 for respective increases in WT and calpastatin-overexpressing mice for band 2). *Statistical significance; line on gel indicates lanes not adjacent.
pected, diaphragm calpastatin protein levels were 10-to 15-fold higher in CalpOX mice compared with their WT littermates. Moreover, we did not find significant differences in diaphragm calpastatin protein content for sham-operated and CLP CalpOX groups, again indicating that CLP per se does not alter diaphragm levels of this protein. As shown in Fig. 3B , CLP induced talin cleavage in WT mice. Talin cleavage was absent, however, in diaphragm homogenates from CLP CalpOX animals, consistent with an effect of calpastatin to block calpain-mediated degradation of talin. We also found that CLP induced a large increase in diaphragm calpain activity in WT mice (P Ͻ 0.001). As would be expected, calpastatin overexpression prevented CLP-induced calpain activation (Fig. 3C) , with calpain activity levels for sham-operated and CLP CalpOX mice similar to sham-operated WT controls.
CLP induced large increases in the activity of the 20S proteasomal pathway, as shown in Fig. 4A . This CLP-induced effect was observed in both WT and CalpOX mice, with proteasomal activity similarly increased in both groups of animals compared with sham-operated controls. On the other hand, we did not observe that CLP increased diaphragm protein ubiquitination, with protein ubiquitin levels similar in all four experimental groups (Fig. 4B) . We observed different effects of CLP on diaphragm atrogin mRNA and MuRF1 mRNA levels, as shown in Fig. 4C . There was a trend for CLP to increase MuRF1 mRNA levels in both WT and CalpOX groups (P ϭ 0.07). In contrast, there was no difference in atrogin mRNA levels across the four groups of animals.
We found that CLP increased diaphragm caspase 3 activity in both WT and CalpOX mice compared with sham-operated animals (Fig. 5) . The magnitude of this increase, however, was significantly higher in the WT animals than in CalpOX animals (P Ͻ 0.009 for comparison of the WT CLP group to the CalpOX CLP group). This finding indicates an interaction between calpain activation and caspase 3 activation, and implies that calpain activation facilitates diaphragm caspase 3 activation in response to CLP.
Effect of CLP on indices of protein modification. CLP induced an increase in the nitrotyrosine content of two diaphragm proteins, as shown in Fig. 6A . There were significant increases in the levels of bands 1 and 2 on the nitrotyrosine protein blot in response to CLP for both WT and calpastatinoverexpressing animals (P Ͻ 0.01 and P Ͻ 0.02 for respective increases in WT and calpastatin-overexpressing mice for band 1, P Ͻ 0.02 and P Ͻ 0.02 for respective increases in WT and calpastatin-overexpressing mice for band 2). In contrast, we did not observe an increase in 4-hydroxynonenal modified diaphragm protein levels (Fig. 7A ) or in diaphragm protein Fig. 7 . A: diaphragm levels of proteins with 4-hydroxynonenal side group modification. B: diaphragm protein carbonyl levels. Right: group mean densitometry data for control animals (black), CLP animals (red), CalpOX animals (green), and CalpOX ϩ CLP animals (blue). Left: representative Western blots. Diaphragm levels of proteins with 4-hydroxynonenal modifications and protein carbonyl modifications were similar for the four experimental groups (NS). Line on gel (in B) indicates lanes are not adjacent.
carbonyl levels (Fig. 7B ) in response to CLP, with levels for both types of protein modifications similar across the four experimental groups.
Effect of CLP on MHC levels. We found that CLP induced reductions in levels of intact MHC in the diaphragm, as shown in Fig. 8 . This CLP-induced degradation of MHC was completely blocked in septic CalpOX mice, with MHC levels for this group similar to those of WT sham-operated controls (P Ͻ 0.001 for comparison of MHC levels for the WT CLP group compared with the other three experimental groups).
DISCUSSION
Recent studies indicate that patients who are mechanically ventilated in MICUs have significant diaphragm muscle weakness (6, 10, 13, 32, 41) . Weakness is associated with poor outcomes, with the weakest patients having a high mortality (6, 32) and, if they survive, a longer time to successfully wean from mechanical ventilation compared with stronger patients (7, 32) . Several factors contribute to weakness in patients in MICUs (14, 21) , with two recent studies indicating that infection plays a major role in the development of diaphragm dysfunction in this population (6, 32) . These studies found that the diaphragms of patients in MICUs with infection and who are mechanically ventilated were less than half as strong as those of noninfected patients (6, 32) . On the basis of these observations, it is important to determine the mechanisms by which infections reduce diaphragm strength, because an understanding of this process could lead to the development of treatments to reverse weakness and improve outcomes in patients in MICUs.
There are several cellular mechanisms by which infections may induce muscle weakness, including via cleavage of selected proteins by the calpain pathway (1, 7, 31) . In support of this concept, calpain has been shown to be activated in the diaphragm and other skeletal muscles in several animal models of infection (administration of lipopolysaccharide, induction of peritonitis by the CLP technique), and activated calpain is known to cleave selected skeletal muscle contractile and cytoskeletal proteins, including myosin, talin, and spectrin (alphafodrin) (5, 11, 20, 28) . As a result, infection-induced calpain activation could theoretically contribute to the development of contractile dysfunction and loss of force generation.
Although these previous studies clearly indicate that calpain can be activated in skeletal muscle during the development of infection, there is no direct evidence that calpain is absolutely required or responsible for loss of force generation in response to infection. In addition, previous studies suggesting that calpain activation plays a role in mediating infection-induced muscle weakness have important limitations (1, 7, 31) . Although two studies found that administration of pharmacological calpain inhibitors (i.e., leupeptin, calpain inhibitor 3) attenuated skeletal muscle force loss in animal models of infection (endotoxin administration, CLP) (7, 31) , it is known that chemical inhibitors of calpain reduce cytokine generation. It is therefore possible that the response to systemic calpain inhibitor administration in these previous investigations reflected reductions in cytokine production rather than a direct effect of muscle calpain inhibition to prevent protein degradation and muscle force loss.
The present study is the first to employ a muscle-specific genetic technique to directly evaluate the relationship of muscle calpain activation and force loss in an animal model of infection/sepsis. By using this approach, we obviated the potentially confounding effects of chemical inhibitors of calpain (inhibition of pathways other than calpain, inhibition of responses in nonmuscle tissues that indirectly affect muscle function). We found that muscle-specific overexpression of calpastatin, the endogenous calpain inhibitor, markedly attenuated the effects of CLP on the diaphragm, preserving diaphragm force generation at 24 h after induction of sepsis. In parallel, we found that muscle overexpression of calpastatin also blocked CLP-mediated increases in diaphragm calpain activity.
Active calpain is a very selective proteolytic enzyme that is believed to target only a small number of cellular proteins, cleaving these into large molecular weight fragments. One protein target of calpain is spectrin, which provides important cytoskeletal support to the muscle plasma membrane (17, 37) . A second target is talin (5), a cytoskeletal protein that is essential for maintenance of the connection of the myofilaments to skeletal muscle integrins (4) . Mice with genetically induced talin deficiency are myopathic, demonstrating a marked reduction in force generation at all stimulation frequencies (4). We found that talin was cleaved in response to CLP-induced sepsis in diaphragm samples from WT mice in Fig. 8 . Myosin heavy chain (MHC) protein levels for the four groups: controls (black), CLP animals (red), CalpOX animals (green), and CalpOX ϩ CLP animals (blue). Top: a representative Western blot. Bottom: group mean densitometry data. CLP elicited a significant reduction in the MHC protein level in WT animals (P Ͻ 0.001 for comparison of MHC levels between WT CLP animals and the other three groups). CLP did not, however, induce a reduction in MHC levels in calpastatin-overexpressing animals, with MHC levels for calpastatin-overexpressing CLP animals similar to levels for shamoperated WT animals. *Statistically significant. the present study, and that talin cleavage was markedly attenuated following CLP in diaphragms from CalpOX mice.
We also found that induction of CLP in WT mice resulted in a significant reduction in diaphragm MHC levels. In contrast, MHC levels were preserved in septic CalpOX mice. There are several potential explanations for this finding. First, two previous studies found that calpain is capable of degrading myosin in vitro (11, 20) , so it is possible that myosin loss was, in part, due to the direct effects of calpain. It is also known that certain modifications of proteins can greatly potentiate the susceptibility of proteins to calpain-mediated degradation (29) . In fact, we observed significant CLP-induced increases in nitrotyrosine side group modification of two muscle proteins, including a protein with a molecular weight comparable to that of myosin (band 1 in Fig. 6A ). It is possible that these nitrotyrosine side group modifications may have increased susceptibility of these particular proteins to calpain-mediated cleavage.
We also found that CLP increased 20S proteasomal activity and that there was a strong trend for CLP to increase mRNA levels for MuRF1, both key components of the proteasomal degradation pathway. It has been suggested that calpain and the proteasomal system may function in tandem to degrade proteins (9, 22, 28) . According to this theory, calpain cleaves selected proteins into large-molecular-weight fragments that are then easily released from the skeletal muscle contractile matrix. These large-molecular-weight fragments can then be degraded by the proteasomal system into oligo-amino acid fragments. In addition, we found that CLP increased caspase 3 activation in the diaphragm, and this increase was partially attenuated in calpastatin-overexpressing mice. There are several mechanisms by which active calpain can secondarily increase caspase 3 activity (e.g., by cleavage of upstream procaspases, such as procaspase 12, to generate active caspase 12, which in turn, cleaves procaspase 3 to active caspase 3), and our data are consistent with such an interaction (19) .
As a result, there are several interacting mechanisms by which calpain inhibition may have decreased the loss of MHC in the diaphragms of CLP animals, including a direct effect of calpain to cleave MHC, enhanced calpain-mediated degradation due to myosin modification by nitrosative stress, the interacting effects of calpain and the proteasome to degrade myosin, and the potential effects of calpain-mediated caspase activation. This observation that diaphragm MHC levels fell in response to CLP is also important because selective MHC loss is well known to be present in mechanically ventilated patients in MICUs who develop muscle weakness (27) . The present data suggest that calpain activation may contribute to this phenomenon.
Infection is not the only factor leading to loss of diaphragm function in mechanically ventilated patients in MICUs, and another major factor that is believed to contribute to the development of weakness in these patients is ventilator-induced inactivity (14, 22) . Of interest, several reports indicate that inactivity-induced skeletal muscle dysfunction is also, at least in part, mediated by increased calpain activation (26, 40) . In keeping with this possibility, Salazar et al. demonstrated that muscle-specific calpastatin overexpression significantly attenuated the effects of hind limb unloading to reduce leg musclespecific force loss (26) . In other work, Tidball and Spencer found that muscle-specific calpastatin overexpression significantly attenuated leg muscle atrophy in an animal model of muscle unloading (40) . Powers' investigative group also found that administration of chemical calpain inhibitors prevented loss of diaphragm force when diaphragm inactivity was produced by placing animals on controlled mechanical ventilation (19) . As a result, two of the major risk factors for development of skeletal muscle weakness in mechanically ventilated patients (i.e., infection and inactivity) may both have a common downstream effect to activate calpain.
In summary, the present data indicate that muscle-specific calpastatin overexpression inhibits CLP-induced diaphragm calpain activation, prevents diaphragm weakness, and blocks CLP-induced diaphragm talin cleavage and MHC depletion. Other studies indicate that calpain also contributes to inactivity-induced muscle dysfunction (26, 38, 40) . As a result, we speculate that it may be possible to counteract two of the major risk factors responsible for diaphragm weakness in critically ill patients (i.e., infection and inactivity) by administration of calpain inhibitors. We postulate that such treatments could have a major impact on outcomes by reducing patient morbidity and mortality.
